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I.  INTRODUCTION 


Aa  a aound  wave  propagates  through  a polyatomic  g&s 
the  acoustic  energy  la  found  to  diminish,  ^hla  loan  of  en- 
ergy la  mainly  attributed  to  the  attenuation  due  to  the  vis- 
cosity, the  heat  conduction,  and  the  moleoular  relaxation  of 
the  gae.  For  a large  portion  of  the  frequency  spectrum, 
the  viecoua  and  he  \t  oonduotlon  effeota  are  email  compared 
to  the  molecular  attenuation.  The  source  of  molecular  ab- 
aorption  of  aound  In  a gas  la  a lag  In  adjustment  between 
the  Internal  energy  at.atea  of  the  raoleoulea  and  their  energy 
of  translation.  During  a condensation  of  a Bound  Wave,  the 
temperature  of  the  gaa  rifles.  This  excess  translational 
energy  wafiflBs  some  of  the  molecules  to  acquire  a quantum  of 
energy  which  raises  them  to  a higher  Internal  energy  state. 
The  moleoulee  of  a gas  require  on  the  average  a oertaln 
time  to  acquire  ^nd  then  lose  their  quanta  of  energy;  thlfl 
time  le  known  as  the  relaxation  time  of  that  particular 
state. 

Moleoular  absorption  la  dependent,  on  the  relative 
values  of  the  relaxation  tine  and  the  period  of  the  sound 
wave.  For  low  nonlo  frequencies,  the  period  between  con- 
densations la  long  compared  to  th«  relaxation  time  and  no 
loss  of  aoouatlo  energy  oooure.  For  extremely  high  eonlo 


/ 
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frequencies,  the  period  between  condensations  is  not  of  suf- 
ficient duration  to  permit  much  energy  to  be  transferred  to 
internal  moues.  Consequently,  the  loss  of  aooustlc  energy 
per  wavelength  is  small.  However,  the  absorption  per  cm 
is  still  appreciable  due  to  the  large  number  of  wavelengths 
per  cm.  For  those  frequencies  where  the  period  is  of  the 
same  order  of  magnitude  as  the  relaxation  time,  a large 
loss  in  aoouatic  energy  per  wavelength  will  occur.  Hence, 
one  would  expect  the  moleoular  attenuation  per  wavelength 
to  be  a maximum  at  intermediate  frequencies  and  to  become 
smaller  as  the  frequency  la  either  lncreaaed  or  deoreeeed. 

The  relaxation  time  of  a gaa  la  dependant  on  the 
number  of  collisions  per  second  and  on  the  effectiveness 
of  each  collision.  Since  the  rata  of  collision  la  propor- 
tional to  the  number  of  molecules  present,  the  relaxation 
time  can  be  controlled  by  the  pressure  of  the  g&».  This 
pressure  dependence  oan  be  used  to  adjust  the  relaxation 
time  ao  that  the  maximum  absorption  of  sound  per  wavelength 
will  occur  in  any  desired  frequency  range. 

This  dissertation  la  concerned  with  the  measurement 
of  the  moleoular  absorption  of  sound  in  C02»  in  CS2,  end  in 
CgH^O,  and  also  in  mixtures  of  these  gases.  The  absorption 
of  sound  in  gases  can  be  measured  by  the  Interferometer 
method,  the  resonance  sharpness  method,  the  direct  method, 
and  the  tube  method.  The  latter  method  was  chosen  as  It  Is 
readily  adaptable  to  both  frequency  and  pressure  control; 
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It  can  ba  designed  to  use  a relatively  snail  sanple  of  gas 
which  slaplifiea  the  drying  and  purification  problem,  it  oan 
be  made  vacuum  tight,  and  it  oan  be  designed  to  give  a suf- 
ficiently strong  signal  for  measuring  the  attenuation  of 
gases  which  are  highly  absorptive. 


I 


II.  HISTORICAL  SURVEY  OF  ATTENUATION 

The  classical  absorption  of  sound  in  a gas  is  osussd 
by  the  visoosity  and  the  heat  conduction  of  the  gan.  This 
subject  was  first  studied  by  Stokes  and  Klrchhoff.  Lord 
Rayleigh^  disousses  the  olassioal  attenuation  in  detail  and 
gives  for  the  attenuation  ooeffiolent  of  the  sound  pressure 


Laplaoe's  sound  velooity 
(adiabatic) 

Newton's  sound  velooity 
( isothermal ) 

Thermometric  conductivity 

Klnematio  shear  visoosity 

(for  a perfeot  gas) 
Angular  frequency 


where 


'/x 


6 = 


= ( /U 


r 

£- 

y-sf 


60 


=r  21 rf 


By  including  the  above  definitions  and  the  equation  of 
state  for  a perfeot  gas  equation  (1)  oan  be  written  in  a 
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for*  sore  unable  for  experimental  work 


+ JL 


(2) 


where  R m gas  consent 

T »*  temperature 
H * seoleoular  weight  of  gas 
yM-  - viscosity 

X «>  Beat  oonduotivlty 
Cy  - spaolflo  ha at  at  oonatant  volume 
y - ratio  of  the  speolflo  heats 
f ■ aocuetic  frequenoy 
p - gas  pressure 

The  above  expression  will  be  dlsousaed  further  In  the  sec- 
tion concerned  with  experimental  results. 

As  far  baok  as  1911*  the  aaasurenents  of  Neklepajew2 
indicated  that  for  air  the  absorption  oould  not  be  explained 
entirely  by  viscosity  and  heat  conduction.  Later  neasure- 
nents  by  Abello?  Orossaan,*  Pierce,-*  Rloh  and  Pieleaeier,^ 
and  Knudsen^  gave  further  evidence  that  the  clasaloal  ab- 
sorption had  to  be  Modified.  In  the  early  part  of  this  oen- 

q 

tury,  Jeans  developed  a olassloal  nolecular  theory  which 
considered  the  lag  In  adjustment  between  the  Internal  energy 
states  of  the  noleoules  and  their  energy  of  trains lation.  He 
indicated  that  this  effect  oould  explain  the  anoaaleus  ab- 
sorption observed  in  polyatowio  gases.  In  1920,  Einstein^ 
developed  a theory  for  the  dispersion  of  sound  in  partially 
dissociated  gases.  Although  XI ns te In  was  primarily  interested 
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in  determining  the  rate  of  disaociatlon  of  a gas  and  not  the 
dlsperaion  of  sound,  hia  paper  has  bean  the  foundation  for 
other  papers  using  the  thermodynamical  approach  to  the 
theory  of  sound  absorption  and  dispersion  in  gasea.  In  1928, 
Herzfeld  and  Klee,10  expanding  the  idea  of  Jeans,  developed 
a theory  for  the  absorption  and  dispersion  of  sound  in  gases. 
Kneaer,11  in  1931#  following  Einstein,  developed  a simpli- 
fied theory  assuming  only  the  first  vibrational  atate  of  the 
molecules  to  be  activated.  Kneser  wae  able  to  explain  the 

abnormal  absorption  of  sound  in  air  found  by  Knudaen. 

12 

Bourgln,  using  the  methods  of  statistical  mechanics,  devel- 
oped the  Herzfeld  and  Rico  theory  into  its  present  form. 

In  hia  later  papers,^  he  shows  the  Kneser  theory  is  a spe- 
cial case  of  hia  more  rigorous  and  more  general  treatment. 

Since  the  early  1930a,  a large  number  of  experimental 
papers  concerned  with  molecular  absorption  have  been  pre- 
sented. Only  those  papers  which  are  pertinent  to  this  dls- 

lk 

sertatien  shall  be  mentioned.  Leonard,  in  1939#  measured 
the  absorption  of  sound  in  C02  by  the  direct  method.  This 
method  is  concerned  with  the  determination  of  the  absorption 
as  a function  of  distance.  The  reduction  in  sound  pressure 
in  excess  of  the  inverse  distance  loss  is  the  absorption  due 
„o  the  gas  itself.  In  the  following  year,  Pricke  J measured 
the  absorption  of  sound  in  five  triatomic  gases.  He  com- 
pared the  sound  pressure  of  pure  nitrogen  to  that  of  various 
mixtures  of  nitrogen  and  the  gas  under  test  using  a micro- 
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phone  at  a fixed  distance  from  a sound  source.  In  19^2, 
Prick^  measured  the  absorption  and  dispersion  of  sound  in 
C0£  and  NgO  and  also  in  mixtures  of  each  gas  with  nitrogen 
by  the  direct  method. 


\ 

\ 

I 

\ 
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III.  THEORETICAL  DISCUSSION 


Moleoular  Absorption 

Bourgln J has  developed  an  expression  for  the  sound 
absorption  per  wavelength  for  a mixture  of  two  absorbing 
gases.  As  pointed  out  by  Trick,  the  original  paper  con- 


tained some  typographical  errors  causing  the  expression  to 


be  dimensionally  inoorreot.  Tfib  corrected  expression  is 


j 7ru>/? I //C#  ^ , + to?  j + BCa(jt  j 


N 


yc  = 


CO 

A/ 


</>  v 1 Z/ 


j.  i ( 3 ) 
M 


whore  m intensity  absorption  ooeffloient  per  wave- 

length 

60  2Tr  times  sound  frequency 
R - gas  constant  per  mole. 

N m number  of  moleoules  per  unit  volume  of  the 
mixture 

A - number  of  moleoules  per  unit  volume  of  gas  A 
B » number  of  moleoules  per  unit  volume  of  gas  B 
CA  - vibrational  speolflo  heat  per  mole,  for  gas  A 
C,.  - vibrational  specific  heat  per  mole,  for 'gas  B 

- vibrational  specific  heat  per  mole,  for  the 

mixture 

- specific  heat  per  mole  of  the  mixture  at 

Infinite  frequency 
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la  proportional  to  the  reciprocal  of  the  re- 
* laxation  tins  for  gaa  A 

la  proportional  to  the  reciprocal  of  the  re- 
D laxation  tine  for  gaa  B 


Friok  haa  ahown  that  by  regrouping  Bourgin*a  expression  for 
IEa  and  J-Eg  and  making  uae  of  Boltzmann* a Dlatributlon  Law, 
it  la  poualble  to  write  a 

- &/t 


t e 


(4) 


(5) 


where  T10A  « Relaxation  time  for  gaa  K 

n 

T10  - Relaxation  time  for  gaa  B 
0 k m Characteristic  temperature  for  gaa  A 
Q B - Charaoterlatlo  temperature  for  gaa  B 

The  above  equatlona  aaauae  only  one  node  of  vibration 
to  be  aotlve  In  aound  absorption;  henae,  they  oannofc  be  uaed 
rigorously  to  oaloulate  the  relaxation  time.  However,  for 
moat  gaaes  the  mode  of  vibration  corraaponding  to  the  loweat 
characteristic  tempera tura  contributes  a large  percentage  of 
the  vibrational  speolflc  heat;  consequently,  it  aeons  reason- 
able to  calculate  the  relaxation  time  using  this  particular 
value  of  the  characteristic  temperature. 

For  the  special  case  of  a single  absorbing  gaa. 


10 
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A ■ li,  B ■ 0,  and  , equation  (3)  becomes 


/ ( - 


*2  yrco  /f  L* 

ore.  (TT^TTaI  ) 

c-  Co^ 


(6) 


Whan  aquation  (6)  ia  plotted  againat  the  logarithm  of  the 
frequency  a bell  shaped  curve  results  having  a Maximum  ab- 
sorption per  wavelength 


S*-. 


h)<iX 


(7) 


at  an  angular  frequency  of 


(8) 


i 
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When  equation  (8)  is  substituted  back  in  equation  (6) 


J T>  RC„  u>  

[cje^H&cJo *£] 


(9) 


which  is  identical  with  the  expression  for  the  absorption 
per*  wavelength  developed  by  Kneser. 

Another  special  case  of  Bourgln's  equations  (3)  la 
when  the  vibrational  specific  heats  for  each  gas  are  small 


\ 
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I. 


I 

compared  to  the  specific  hoat  of  the  mixture  at  Infinite 

frequency,  (l.e.  -—±  < / , — < / ).  Under  these 

yCoo  VCaO 

circumstances  equation  (3)  reduces  to 

J77  R r tfCf,  5 RC  7 , v 

yU.  - / * f * ^ / (10) 

vcjcMt(Ol*‘rz„‘  J 

This  expression  shows  that  the  total  absorption  per  wave- 
length Is  the  sum  of  the  effects  due  to  eaoh  gas  Independent- 
ly- 

Although  for  the  gas  mixtures  used  In  this  disserta- 
tion the  above  approximations  are  not  strictly  valid*  the 
experimental  results*  which  are  discussed  In  a later  aeotion* 
appear  to  be  In  approximate  agreement  with  equation  (10). 

Determination  of  Specific  Heat  from  Speotroaooplo  Data. 

A check  on  the  measured  absorption  coefficient  can  be 
made  by  calculating  the  pertinent  constants  of  the  gas  from 
speotroaooplo  data.  A reasonably  accurate  value  of  the  spe- 
cific heat  can  be  obtained  If  one  assumes  the  molecule  acts 
aa  a harmonlo  oscillator  and  the  interaction  between  rota- 
tion and  vibration  la  negligible.  The  specific  heat  at 
oonatant  volume  can  be  determined  as  follows! 

Cy  ' ( i ti)  r CyJ6  (11) 


I 

! 
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where  » number  of  degrees  of  freedom  for  translation 

- number  of  degree®  of  freedom  for  rotation 
» epeolfic  heat  due  to  vibration 

- ± />.  p(  #. ) 


_ th 

where  ■ multiplicity  of  the  i — energy  lovel 

P/iLJ«  contribution  to  the  specific  heat  due  to  the  1- 
' l -77  / mode  of  vibration 


The  following  paragraphs  will  be  oonoemed  with  the 
explicit  form  of  P ( J,  The  partition  funotion  for  a 
single  made  ( V^)  of  vibration  can  be  written  aa 

OG  - *7  $ 

*7  I u 

where  6>{ \ - oharacterlatic  temperature  of  the  1~  mode  of 

vibration 


The  above  notation  la  rather  misleading  with  respect  to  the 
role  of  the  multiplicity.  When  pA  - 1,  the  aerlea  represen- 
tation of  the  partition  funotion  la 

" QZf  ~ *Ql/rp  ' J&/p 

Q r.  / a e f e t e t 

w/; 


t e 


However*  for  p^  * 2,  the  series  la  repeated  and  the  result- 
ing product  gives 

- 9t/ip  - 

Q = / f A e t J e ye  ’ t 


- I 
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Attenuation  Due  to  the  Tube 

For  many  years  tubes  iiave  been  used  an  a eeans  of 

'.T 

producing  and  guiding  plana  acoustic  waves.  In  1868 , 
Kirchhoff  developed  an  expression  for  the  attenuation  of 
sound  due  to  the  thermal  and  viscous  losses  at  the  walls  of 
the  tube.  In  the  notation  of  Rayleigh 


where 


/ / )6  ^ D ) 

6 - ) t(j.  - -j 

t t ^ 1 i ^ 


a s (yf* ) ^Lsplaos's  sound  velocity  (adiabatic) 


b r / 


(f ) * 


Newton's  sound  velocity  (Isothermal) 


/ wV 

= kinematic  shear  vlsooslty 


If 


c,e 


ji  - 


thermometric  conductivity 
radius  of  the  sound  tube 


Equation  (14)  can  be  written  in  a fora  wore  usable  for  ex- 
perimental application 


t*s*r 


si 


'r  ± + fsit±.  fldf  (15) 
L r*  r \cf/J  JUJ  (15) 


where  all  symbols  have  the  same  Meaning  as  for  equation  (2). 
Many  Investigations  of  the  tube  effect  have  been  reported  in 


15 


17-2° 

the  literature. ' “ The  majority  agroe  the  Kirohhoff  equa- 

tion ia  correct  as  to  dependence  on  the  radius,  frequency* 
and  pressure;  in  addition,  snout  of  the  Investigators  found 
the  measured  tube  effect  to  bo  greater  than  that  predicted 
by  Kirohhoff '»  equation.  Thia  difference  between  the  calcu- 
lated and  the  observed  attenuation  ranges  from  a negligible 
amount  to  aa  much  aa  15#. 

Slnoe  the  tube  method  was  employed  for  all  attenuation 
measurements  for  this  dissertation,  the  effect  of  the  tube 
was  of  importance.  An  uncertainty  in  the  tube  effect  rang- 
ing from  0#  to  15#  could  oauae  an  error  in  the  attenuation 
per  wavelength  of  aa  muoh  aa  4#.  Consequently,  it  waa  de- 
cided to  measure  the  tube  effect.  As  oan  be  seen  from  equa- 
tion (15)  both  frequency  and  pressure  may  be  used  as  para- 
meters. Slnoe  the  Kirohhoff  theory  Is  restricted  to  plane 
waves,  the  frequency  ia  limited  to  those  values  below  the 
cut-off  frequency  of  the  first  non-plane  mode.  For  a cylin- 
drical tube  the  cut-off  frequency  for  the  first  sloshing 
mode  aa  given  by  Morae2^  is 


C 

J J1 


(16) 


where  C - veloolty  of  sound  In  oo^/seo 

r - radius  of  the  tube  in  am 


At  atmospheric  pressure  and  even  at  the  upper  limit  of  fre- 
quency, the  magnitude  of  the  tube  attenuation  is  a relatively 


1. 


small  quantity  and  of  fern  some  difficulty  in  measuring.  (Jon- 
saquently,  the  use  oi  an  apparatus  in  which  pressure  can  be 
controlled  is  advantageous.  Ail  other  factors  being  equal, 
n reduction  of  pressure  by  a factor  of  100  gives  a 10  fold 
increase  in  magnitude  of  the  tube  effect  and  a corresponding 
Increase  In  accuracy  of  experimental  measurement.  The  results 
of  these  measurements  are  discussed  in  the  section  on  results. 


rv„  APPARATUS 


The  apparatus  used  for  this  investigation  Is  shown  in 
the  photograph  on  page  18  and  Is  also  shown  in  schematic  fora 
in  Figure  1.  The  speaker  is  moved  with  respeot  to  the  nioro- 
phone  by  a magnet  which  surrounds  the  sound  tuba.  The  sound 
pressure  Is  recorded  as  the  distance  between  the  speaker 
and  the  microphone  ia  varied.  The  slope  of  this  record  yields 
the  attenuation  coefficient.  In  addition  a measure  of  the 

f 

sound  velocity  is  simultaneously  made  by  measuring  the  dis- 
tance between  points  of  equal  phase.  These  measurements 
are  repeated  for  various  values  of  the  sound  frequency  and 
the  gas  pressure.  A detailed  description  of  the  various  com- 
ponents of  the  apparatus  Is  given  below. 

Speaker. 

In  order  to  use  the  tube  method  for  measuring  the 
absorption,  either  the  speaker  or  the  microphone  must  be  of 
the  movable  type.  The  deolalon  to  allow  the  speaker  to 
move  eliminated  the  possibility  of  using  a conventional 
speaker.  Therefore,  the  design  and  development  of  s speaker 
smell  enough  to  fit  inside  a small  bore  tube  was  initiated. 

The  desired  properties  for  the  speaker  werai  reasonable 
output  from  2 to  10  ko  without  heating  mors  then  about  8°  C, 
not  over  1.60  cm  in  diameter,  capable  of  moving  freely 


I 


t 


\ 


p p at  u 


(•tftw / : n 


ft  a Sinn  oi  Sound 
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inside  a glaaa  tuba,  mounted  In  a manner  to  avoid  trano- 
m.ltting  mechanical  vibration  t;o  the  glass  tube,  mado  of  a 
material  which  would  not  react  with  the  gases  to  be  tested 
or  outgaa  in  a vacuum,  ant)  coupled  to  n signal  generator  in 
such  a manner  as  to  minimize  electromagnetic  radiation.  The 
speaker  which  finally  evolved  in  of  the  ribbon  type.  The 
ribbon  is  made  of  1/4  mil  aluminum  foil.  The  foil  is  mounted 
on  the  speaker  housing  by  a tapered  tefelon  ring  which  fits 
snugly  around  the  front  end  of  the  speaker  housing.  The  rib- 
bon la  corrugated  to  eliminate  any  chance  of  stretching  aa 
the  ring  la  pushed  in  place.  Electrical  energy  la  fed  to 
the  foil  by  an  air  core  transformer.  The  primary  la  a coil 
of  113  turns  of  lb  gauge  copper  wire.  The  secondary  consists 
of  3 turns  of  14  gauge  copper  wire.  The  secondary  is  mounted 
at  the  rear  of  the  speaker  housing  and  at  a sufficient  dis- 
tance from  the  foil  to  be  out  of  the  region  of  strong  mag- 
netic field.  This  was  done  so  as  to  reduce  any  meohanioal 
vibration  caused  by  the  interaction  of  the  magnetic  field 
with  the  current  flowing  through  the  transformer.  A large 
magnet  carried  on  a cart  which  is  guided  by  tracks  running 
parallel  to  the  sound  tube  is  used  to  supply  the  magnetic 
field  for  the  ribbon.  The  pole  pieoes  of  the  magnet  are  two 
pairs  of  truncated  cones  designed  so  as  to  conoentrate  the 
magnetic  field  into  two  separate  regions.  The  major  field 
is  applied  at  the  ribbon  to  interact  with  the  current  flow- 
ing in  the  ribbon,  thus  causing  it  to  vibrate  and  serve  as 
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n sound  source,  The  remainder  of  the  magnetic  field  ia 
concentre ted  at  a point  7/d  of  an  inch  behind  the  ribbon. 

At  this  point  a Bteol  pin  1/4  inch  in  dinmstor  and  approxi- 
mately Q.b  inches  long  ia  mounted  on  the  speaker  housing  and 
in  a direction  parallel  to  the  magnetic  field.  This  serves 
as  a coupling  between  the  apenker  and  the  magnet  which 
causes  the  speaker  to  follow  any  movement  of  the  magnet.  The 
speaker  housing  Is  made  of  glass  to  insure  against  outgasaing 
and  any  reaction  with  the  gaaos  to  be  tested.  To  permit 
evacuation  of  the  sound  tube  with  the  speaker  in  place  and 
also  to  eliminate  any  change  in  gas  pressure  when  the  speaker 
Is  In  motion,  the  speaker  foil  ia  allowed  to  fill  only  2/3 
of  the  cross-aootional  area  of  the  tube  and  the  speaker  hous- 
ing Is  made  in  the  shape  of  a hollow  cylinder.  To  minimize 
the  transmission  of  vibration  from  the  Bpeaker  to  the  glass 
sound  tube,  rubber  H0"  rings  with  a tefelon  cap  are  used  to 
support  the  speaker  in  the  sound  tube.  The  rubber  serves  as 
a vibration  Insulator  and  the  tefelon  cap  reduces  the  frlo- 
tlonal  drag  of  the  speaker  on  the  glass  sound  tube.  The 
photograph  on  page  22  shows  tho  speaker  in  Its  normal  posi- 
tion within  the  sound  tube . 

Microphone . 

As  all  acouatlo  measurements  were  made  on  gases  at 
pressures  much  less  than  atmospheric,  a problem  arose  as  to 
the  beat  method  of  connecting  a microphone  to  the  sound  tube. 
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A membrane  between  the  microphone  and  the  rarified  gao  In 
the  sound  tube  was  tried.  However,  the  acoustic  loaeos 
due  to  the  poor  impedance  match  were  too  great.  To  elim- 
inate the  need  for  a membrane,  a apodal  microphone  was 
designed  which  served  both  as  a sound  pickup  and  aa  a win- 
dow for  tho  aound  tube.  The  microphone  in  of  the  condenser 
type.  The  microphone  head  wan  made  from  a solid  right 
cylinder  of  aluminum  which  was  machined  to  give  a diaphragm 
of  ,00b  Inch  thickness.  Tho  head  Is  threaded  to  fit  a brass 
block  which  sorvos  as  a connector  for  the  two  sections  of 
the  sound  tube  and  the  microphone.  All  connections  were 
designed  to  give  a minimum  change  in  cross-sectional  area  of 
the  sound  tube  in  order  to  reduce  aound  reflections  from  the 
microphone.  The  connections  are  sealod  with  Apiezon  A black 
wax. 

The  backing  plate  was  made  adjustable.  The  spacing 
between  the  diaphragm  and  the  backing  plate  was  adjusted 
while  the  sound  tube  waa  ovacuated  to  give  approximately 
lb/r**<r  oapacltance,  A standard  640  AA  pre-amplifier  is  used 
in  conjunction  with  the  microphone.  The  compliance  of  the 
diaphragm  is  such  that  the  microphone  cuts  off  when  the  gas 
pressure  in  the  sound  tube  approaches  300  mm  of  mercury. 
Although  the  sensitivity  of  the  microphone  is  a funotion  of 
pressure,  no  problem  is  encountered  as  only  relative  values 
of  aound  pressure  at  a fixed  gas  pressure  are  required  for 
any  particular  determination  of  the  attenuation  coefficient. 


Likewise,  the  frequonoy  response  of  the  microphone  and  the 
accompanying  electronic  equipment  is  not  an  important  factor 
as  all  measurements  for  a particular  run  are  made  at  a fixed 
frequency . 

:>ound  Tube. 

The  sound  tube  was  made  of  glass  tubing.  The  tube  was 
selected  from  a large  group  because  of  its  lack  of  taper  and 
its  circular  cross-section.  The  radius  of  the  sound  tube  was 
chosen  as  a compromise  between  the  correction  necessary  to 
compensate  for  the  tube  effect  and  the  highest  frequency 
permitted  before  other  than  plane  waveB  would  propagate 
down  the  tube.  As  was  shown  in  the  previous  section  the  mag- 
nitude of  the  tube  attenuation  is  inversely  proportional  to 
the  radius,  hence  a large  radius  would  be  desired  to  mini- 
mize the  correction  for  the  tube.  On  the  other  hand,  the 
smaller  the  radius  the  higher  the  cut-off  frequency  of  the 
first  non-plane  mode,  hence  a higher  limit  for  the  usable 
frequency  range  of  the  apparatus.  Therefore,  a tube  rodlua 
of  .841  cm  was  chosen.  The  total  length  of  the  sound  tube 
is  120  cm  of  which  approximately  cm  may  be  used  for 
measuring  attenuations.  Each  end  of  the  sound  tube  is  ter- 
minated with  a cone  of  pyrex  wool  to  eliminate  reflections. 
These  terminations  and  the  dcolgn  of  the  microphone  holder 
eliminate  most  reflections;  however,  at  a few  isolated  fre- 
quencies a slight  standing  wave  pattern  is  observed  on  the 
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I'vmrt  prrt9H’iv*'j  /^rnurt  U.itanc.o  .'oonrd.  fheae  itanuing 

irrt  probably  1u«  to  rnannancoa  of  the  omall  volumes 
-.r.t-.Krton  i->.»  microphone  llAphrngm  mci  ciie  brass  jIouk  *nion 
colds  She  microphone. 

The  elimination  of  vibrations  transmitted  from  tne 
speaker  to  the  sound  tube  was  one  of  the  moat  difficult  ex- 
perimental problems  to  solve.  As  mentioned  in  the  section 
on  the  speaker,  a mounting  of  rubber  and  tefelon  is  used 
to  reduce  tola  vibration.  However,  this  mounting  was  not 
adequate  to  eliminate  all  vibration.  Therefore,  a rubber 
link  wee  Inserted  between  toe  microphone  and  the  section  of 
the  sound  tube  in  which  the  speaker  traveled.  This  link  was 
designed  ao  as  not  to  alter  the  cross-sectional  area  of  the 
sound  tube  and  also  to  maintain  the  vacuum  tightness  of  the 
ays  tern,  It  consisted  of  a rubber  washer  held  In  compres- 
sion arid  sen  led  with  a rubbor  sleeve. 

Qae  Handling  fly stem . 

In  order  to  Insure  purity  of  the  gas  under  test,  all 
nonneat ions  from  the  gas  souroe  to  the  sound  tube  are  vacuum 
tight.  Tills  entailed  a number  of  metal  to  glass  seals  and 
metal  to  metal  seals.  The  former  were  made  by  taking  a hollow 
braes  cylinder  the  base  of  which  was  drilled  to  fit  a copper 
tube  which  was  silver  soldered  to  the  braas.  The  copper  tub- 
ing was  placed  concentric  with  the  hollow  braaa  cylinder  and 
r* tended  ft  half  inch  above  the  cylinder.  The  glass  tubing 


26 


whloh  fitted  with  approximately  .010  inoh  clearance  in  the 
brass  cylinder  was  then  sealed  in  plaoe  with  Apleson  A black 
wax.  The  metal  to  metal  seals  were  made  by  cq^verting  a 
standard  copper  tubing  fitting  to  tighten  down  on  a rubber 
"0"  ring,  thus  giving  a removable  vacuum  tight  seal.  A 
standard  gas  oylindar  is  used  aa  ths  reservoir  for  COg.  A 
^0  ml.  glass  flask  with  a stopcock  fluid  a tapered  joint  la 
used  as  a reservoir  for  the  liquid  CSg.  A specially  designed 
pressure  flask  made  of  brass  is  used  for  storing  the  liquid 
CgHj^O.  The  gas  handling  system  consists  of  thres  1000  ml 
flaaksj  two  are  designed  for  drying  the  gaaes  and  the  third 
is  vised  as  s storage  flask  into  whloh  the  gases  are  admitted 
for  mixing.  All  f laaks  and  gas  reservoirs  are  controlled  by 
appropriate  stopcocks  or  valves  and  are  connected  so  any  one 
of  them  may  be  opened  to  the  sound  tube  or  to  the  vaouum 
pumps. 

A Welch  Duo-Seal  mechanical  pump  is  used  ua  a fore 
pump  fluid  a small  Distillation  Product  VMF  5 pump  is  used  as 
a diffusion  pump.  During  the  period  of  testing  the  vaouum 
system,  an  ionisation  gauge  was  used  to  measure  the  pressure. 
Mow  that  the  vaouum  system  is  tested,  two  thermocouple  gauges 
are  used  to  measure  the  pressure  before  each  gas  sample  is 
admitted  to  the  sound  tube  for  test.  During  the  sooustioal 
vest,  the  gas  prvanure  1b  determined  by  a Duurwviii  Vacuum 
Oauge  for  pressures  ranging  from  1 to  20  ma  of  Ug.  and  by 
a clesad  end  mercury  manometer  for  pressures  above  20  mm 
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of  Hg. 
ftecordor. 

17)<»  recorder  used  la  a Sound  Apparatus  Company  nodal 
PR,  Por  measurements  of  large  attenuation  a 40  decibel  po- 
tentiometer la  employed  and  for  low  attenuatlona  a 20  decibel 
potentiometer  la  uaed.  A gear  and  rack  system  la  uaed  to  link 
the  speaker  magnet  mechanically  to  the  recorder  drive.  The 
ratio  of  the  dlatance  traveled  by  the  speaker  to  the  distance 
the  recorder  paper  movea  with  respect  to  the  reoorder  pen 
was  measured  and  la  oheoked  periodically.  The  acouatloal 
response  of  the  reoorder  wat  oheoked  and  found  to  be  within 
the  aooureoy  of  the  distance  measurements. 

Electrical  Arrangement. 

A Hewlett  Packard  model  205A  Audio  Signal  generator 
la  uaed  aa  the  electrical  source  for  the  ribbon  speaker. 

The  signal  from  the  generator  la  amplified  by  a standard 
power  amplifier  and  Is  fed  to  the  primary  of  the  air  core 
transformer  which  serves  as  a coupling  to  the  speaker.  The 
sound  signal  then  passes  through  the  gas  under  test  and 
Is  picked  up  by  the  condenser  microphone.  The  mlorophone 
signal  la  then  transmitted  to  a Western  Eleotro-Aooustlo 
Laboratory  Condenser  Mlorophone  Complement  type  100  B.  The 
signal  then  passes  through  a variable  L.C.  filter  and  to  e 
Hewlett  Paokard  Amplifier  model  450  A.  The  signal  le  then 
fed  to  the  reoorder  and  also  to  a Hewlett  Paokard  Vacuum 
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Tube  Voltmeter  model  400  C,  and  then  to  a Du  Mont  Ooelllo- 
graph  type  206  B. 

In  order  to  determine  the  wavelength  of  the  oound 
simultaneously  with  the  measurement  of  the  attenuation  co- 
efficient, a signal  from  the  microphone  and  a signal  from 
the  audio  generator  are  put  across  the  vertical  and  horizon- 
tal plates  of  the  oscillograph  respectively . The  two  sig- 
nals form  an  ellipse  on  the  scope  screen  which  opens  and 
closes  as  the  distance  between  the  speaker  and  the  micro- 
phone Is  varied  thus  permitting  wavelength  measurements. 


V.  EXPERIMENTAL  PROCEDURE 


The  room  In  which  these  experiments  were  male  was 
well  insulated  and  thermostatically  controlled  to  within 
2°  C.  The  average  room  temperature  during  tests  woe  23°  C. 
The  entire  system,  including  the  sound  tube  and  the  gas 
handling  system  up  to  the  gas  reservoirs,  was  first  evacu- 
ated for  46  or  more  hours.  The  vaouum  was  then  ohooked  by 
the  thermocouple  gauges  to  insure  outgassing  had  stopped 
and  no  leaks  were  present.  The  gaa  to  be  used  was  then 
admitted  to  the  drying  flask  (in  the  case  of  CQg  and  CSg) 
or  to  the  drying  flaak  minus  drying  agent  (In  the  oase  of 
CgHjjO)  • The  gas  remained  In  the  drying  flask  for  48  or  more 
hours  during  which  time  tho  pumps  were  still  on  the  sound 
tube.  One  hour  before  a run  was  to  be  mad#  all  eleotronlo 
equipment  was  turned  on  to  Insure  frequency  stability  of  tha 
generator  and  also  to  allow  the  sound  tube  to  come  to  tem- 
perature equilibrium.  The  gas  was  than  admitted  to  the  sound 
tube  at  the  minimum  pressure  for  whloh  s signal  was  obtained 
sufficiently  above  the  noise  level  of  the  system.  The  gas 
pressure  was  then  measured  end  recorded.  The  signal  gener- 
ator was  set  at  the  high  limit  of  the  frequency  range.  The 
recorder  was  then  started  which  in  turn  caused  the  speaker  to 
move  away  from  the  microphone.  As  the  nound  pressure  versus 
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distance  record  was  being  made,  the  oscilloscope  was  watched 
and  at  each  closure  of  the  ellipse  the  record  was  indexed. 
After  the  speaker  had  traveled  Its  full  distance  from  the 
microphone  the  recorder  was  stopped.  The  i*eoorder  motor  was 
then  reversed  and  another  run  was  made  In  the  opposite  di- 
rection at  the  same  pressure  and  frequency.  The  frequency 
of  the  generator  was  then  lowered  and  another  pair  of  run* 
was  mads.  This  continued  until  the  frequency  range  was 
spanned  and  then  the  gas  pressure  was  increased  and  the  entire 
prooeee  repeated.  This  was  continued  until  the  entire  fre- 
quency over  pressure  range  was  covered.  These  tests  were 
made  in  the  minimum  time  possible  to  reduoe  any  shift  In  the 
absorption  curve  due  to  ohsnges  In  Impurities  present  in  the 
tube. 

The  records  of  the  sound  pressure  versus  distance  were 
then  analyzed.  The  slopes  were  measured  and  the  distances 
between  Indices  were  determined.  The  measured  slope,  c*  , 
and  the  wavelength,  A , were  tabulated  against  the  correspond- 
ing value  of  pressure  and  frequency,  flhese  data  wore  then 
oorreotsd  for  the  tube  effect  and  the  classical  absorption. 

The  tube  oorreotion  was  calculated  from  equation  (15)  using 
the  appropriate  constants  and  the  corresponding  values  of 
%»m?  frequency  xn*  pressure . The  calculated  value  was  then 
multiplied  by  the  experimental  factor  of  1.045.  The  clas- 
sical correction  was  determined  by  Inserting  the  proper  gas 
constants  and  the  corresponding  values  of  frequency  and  pres- 


sure  Into  equation  (2).  The  two  corrections  were  (subtracted 
from  the  measured  attenuation  coefficient  leaving  the  at- 
tenuation coefficient  of  the  sound  pressure  due  solely  to 
the  phenomena  of  molecular  absorption  in  decibels  per  cm. 
This  value  was  then  multiplied  by  the  measured  wavelength 
to  give  the  attenuation  per  wavelength.  In  order  to  oompare 
thla  value  with  the  theory,  the  conversion  factor  from  deci- 
bels to  nepers  had  to  be  applied.  To  convert  from  pressure 
attenuation  to  intensity  attenuation  a faotor  of  2 was  em- 
ployed. Therefore,  to  convert  the  measured  attenuation  co- 
efficient to  the  Intensity  attenuation  per  wavelength  the 
following  procedure  was  employed. 
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where  ^ «■  attenuation  due  to  molecular  absorption  in  db/cm 

□c  ■ attenuation  measured  experimentally  in  db/cm 

i yr  m attenuation  due  to  the  tube  in  db/ca 

ck  - attenuation  due  to  viscosity  and  heat  conduc- 
tion in  db/ca. 

/ ■ measured  wavelength  In  cm 
yU.  m intensity  attenuation  ooeffiolent  per  wavelength 

The  values  of ' yU-  were  then  plotted  against  the 
logarithm  of  the  ratio  of  frequency  over  pressure  in  kilo- 
cycles per  atmosphere.  These  curves  will  be  presented  in  the 
next  section. 


VI.  EXPERIMENTAL  RESULTS 


Tube  Effeot. 

Both  air  and  nitrogen  were  used  to  measure  the  tube 
effect  aa  they  exhibit  only  a negligible  amount  of  moleoular 
absorption  In  the  frequency  over  preaaure  range  of  interest. 
The  gaaes  were  first  dried  over  PgO^  for  48  hours,  and  then 
the  attenuation  coefficient  was  measured.  The  procedure  used 
for  these  measurements  was  identical  to  that  described  in  the 
previous  section.  The  classical  absorption  was  subtracted 
from  the  measured  attenuation  leaving  the  attenuation  due 
solely  to  the  tube.  Two  runs  were  made  for  eaoh  gas.  The 
results  of  these  tests  were  plotted  against  the  ratio  of 
frequency  over  preaaure  in  Pigures  2 through  5.  The  best 


straight  line  waa  di’awn  through  the  experimental  points. 
Averaging  the  two  curvea  for  air,  the  beat  straight  line  la 


expressed  by 


when  f is  expressed  In  tdlooyoles  and  p la  expressed  In  mm 


of  Mg.  In  order  to  oo spare  this  experimental  value  with 
the  theoretical  expression,  equation  (15)  must  be  used 
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The  constants  for  air  at  23°  C are 

K - 5i>.7  x 10"°  cal/am-aoc-dog 
t m 182. 1 x 10"b  polaea 
y - 1.403 
Cy  - .171  cal/gn 

«■  1 ,82 

r - .841  c» 

This  results  in 

<Xp  - .263  (f/p)1/2  db/em 

Kenoe  the  Kirohhoff  equation  is  low  by  4.5£  for  the  glass 
tube  used. 

For  the  oase  of  nitrogen,  the  expression  for  the 
average  of  the  two  straight  llnea  la 

o^-  .271  (f/p)1/2  db/o» 

and  again,  using  equation  (15)  and  the  following  constants 
for  nitrogen  at  23°  C 

JC  » 56.7  a 10“6  oal/ca-sec-dag 
yM.  m 176.5  x 10"^  poise 
f m 1.404 
cv  - .176  cal/g» 


one  obtains  for  tho  calculated  tube  effect 
°<p  - .259  (f/p)1/2  db/o* 
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and  this  la  found  to  be  4.6#  lower  than  the  observed  value. 

Aa  mentioned  In  the  previous  dlacuaalon  of  the  tube 
effect,  many  investigations  concerning  this  problem  have 
been  made.  The  results  of  these  investigations  indicate 
that  the  Kirohhoff  equation  la  lower  than  the  observed  value 
by  a factor  ranging  from  a negligible  amount  to  aa  much  aa 
1^#.  Since  the  magnltudo  of  the  tube  effect  measured  by 
thla  writer  la  considerably  larger  than  that  measured  by  the 
other  investigators,  it  is  felt  theae  results  are  probably 
more  accurate.  Consequently,  the  tube  correction  used 
throughout  thla  work  was  determined  by  multiplying  the  value 
calculated  from  equation  (15)  by  tha  experimental  faotor 
of  1.045. 

Measurements  on  COp. 

The  C02  used  was  of  the  commercial  grade  and  was  con- 
tained in  the  usual  pressure  cylinder.  Thtf  gas  pressure  was 
controlled  by  a regulator  which  was  terminated  with  a Hoke 
needle  valve.  A copper  tube  was  used  to  connect  the  cylinder 
to  the  COg  drying  flask.  The  regulator  and  copper  line  were 
flushed  with  C02  before  they  were  connected  to  the  system. 

The  system  up  to  the  regulator  was  then  evacuated.  After  a 
sufficient  time,  C02  was  admitted  to  the  drying  flank  which 
waa  partially  filled  with  P20^.  The  C02  was  allowed  to  re- 
main in  contact  with  the  drying  agent  for  48  or  more  hours. 
During  the  drying  period  the  flask  was  periodically  rotated 
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to  break  up  any  crusting  of  the  so  as  to  increase  the 

drying  rate. 

The  dry  CO^,  was  than  admitted  to  the  sound  tube  and 
the  measurement  of  attenuation  coefficient  and  wavelength 
were  made.  The  measured  attenuation  coefficient  was  then 
corrected  for  the  tube  effect  and  for  the  classical  absorp- 
tion. The  tube  correction  was  determined  by  using  equation 
(15)  and  the  following  constants  for  C02  at  23°  C. 

K ■ 36.6  x 10“b  cal/cm-sec-deg 
At  <s  147.1  x 10”^  poises 

<r  « 1.304 
cv  - .157  oal/gm 


After  application  of  the  experimental  factor  of  1.045,  the 
tube  correction  became 

<Kp  - .234  (f/p)1/2  db/cm 

where  f - frequency  in  kc 

p - pressure  in  mm  of  Hg 

The  claeslcal  correction  was  calculated  from  equation 
(2)  using  in  addition  to  the  constants  previously  listed 
M m 44.0  g» 

C * 27,000  cm/sec 

~ *7 

H «•  0,31*  x XQ' 

T * 296°  A 
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thus  giving  for  tiu  classical  correotlon 

f2 

- .00092  ~ db/om 

who: i f « frequency  in  ko 

p *>  pressure  in  mm  of  Hg. 

After  all  measured  attenuation  coefficients  were  cor- 
rected , they  were  converted  into  the  intensity  attenuation 
por  wavelength,  <L,  The  values  wei*e  then  plotted 

against  the  logarithm  of  the  ratio  of  frequency  over  pres- 
sure and  are  shown  in  Figure  6.  The  solid  curve  was  deter- 
mined from  Bourgln's  expression  for  a single  gas,  equation 

(6)  Cj  u 

" <-«o  £*  * R J 

using  the  following  constsnts 

« 1.809  oal/mole 
Cgc  m 4.993  cal/mole 
R ■ I.986  cal/mole 
» 1.571  x 105  sec-1 

The  determination  of  thsse  constants  la  explained  in  the 
following  paragraphs. 

In  order  to  detsr*=i .....  ; zzt^.  0 for  equation  (6) 
one  must  consider  the  speotrosooplo  data  in  the  Banner  dis- 
cussed in  the  section  on  speolflc  heats.  The  characteristic 
temperature  Is  determined  from  the  wave  number  of  the  mode 


Experimental  data 


Frequency  / Pressure  (Kc./Atm.) 
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of  vibration  by 

9 m ijS.  / . 1,439 

The  contribution  to  the  vibrational  specific  host  for  each 
vibrational  mode  is  determined  by  equation  (13) 


The  total  specific  heat  at  oonatant  volume  can  then  be  com- 
puted frost  equation  (11).  Since  CC)^  la  a linear  molecule, 
it  has  only  2 degree*  of  freedom  for  rotation.  The  apeolflc 
heat  at  oonatant  volume  then  is 


The  apeolflc  heat  at  infinite  frequency  la  determined  by 

" Cv  * CA 

where  CA  la  the  vibrational  apeolflc  heat  contributed  by 
those  modes  of  vibration  which  are  activated  by  the  pireaenoe 
of  the  sound  wave.  CA  la  determined  by  using  the  partition 
fimotlon  in  series  form.  The  aeries  ia  made  up  of  only  those 
harmonica  of  a particular  mod#  which  are  sonically  activated. 
The  partition  function  la  then  differentiated  twice  and  the 
resulting  expressions  are  substituted  In  equation  (12).  The 
sum  of  the  contributions  of  each  mods  gives  the  vibrational 


i;  3 

specific  heat  due  to  *ue  iound  wave.  Table  I show*  the  re- 
aults  of  calculationa  for  CO.,.  Whan  the  calculated  valuee 
for  the  specific  naatn  are  put  Into  aquation  (7)  one  find* 
the  theoretical  value  of  the  oaxlinum  attenuation  par  wave- 
length to  be 

nix 

This  aaloulatad  value  of  comperes  well  with  tha  experi- 

mental value  of  Figure  o.  To  determine  the  final  aonatant 
required  for  equation  (6)  one  must  uae  the  experimentally 
determined  frequency  of  maximum  absorption  in  equation  (6) 


/! 
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Now  that  the  value  of  2lA  la  determined,  one  can  oaloulate 
the  relaxation  time  by  using  equation  (^) 
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In  recapitulation  the  reaulta  for  CCV,  are  as  follows: 
- .255 


fmax  “ 33  kc 

£ A - 1.571  x 105  sec-1 
T10A  - 0.61  X 10"0  seo 


Hie  theoretical  curve  fits  the  experimental  data  best  if  one 
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TABLE  I 

SPECIFIC  HEAT  DETERMINATION  FOR  C02 


Mode  of 
Vibration 

m _ _ 

uavw  No. 

(cm-1) 

£ 

(d®g) 

^C«lb^l 

oal/Vwlc 

V2 

667.3 

960.2 

1.766 

7 V V 

1285.5 

1388.3 

1849.8 

1997.8 

.128* 

7^' 

1 )/ 

7 4 

1932.5 

2076.5 

2781 

2988 

y3 

2349.3 

3381 

.003 

1.897 

/ f 

; e"^,  J r 

e-*>,  e'**/- 

(.0818 

0, * 

/ 7* 

” e 

s /.  00/9-J 

CA  ■ 1.869  oal/foole 
Cy  * 6.862  csl/aole 
Coo*  4.993  cal/mol® 


* Contx’lbution  due  to  nod®  only. 
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assumes  the  aonioally  aotlvate  vibx'at.tonal  modes  are  the 
first  two  harmonica  of  the  deformation  mode  and  the  funda- 
mental of  the  aymaecrloal  valence  mode.  It  then  follows 
that 

■ 1.869  oal/mole 
C^m  4.993  oal/mole 

The  reproducibility  of  reaulta  for  C02  waa  good.  The 
reaulta  for  three  individual  curves  for  C Og  were 

- -255  at  33  ko 

max  - .253  at  37  ko 

■»  .255  at  35  ko 

The  value  of x compares  well  with  that  of  Leonard 
(y//CmLX  ■ .251)  and  of  Prlok  ■ .249);  however*  it  is 

much  higher  than  that  of  Prlcke  [/\lkx  ■ .230).  The  probable 
reason  for  this  difference  is  that  Prloke  measured  the  at- 
tenuation in  CO ^ diluted  by  nitrogen  and  extrapolated  to  the 
condition  of  1000  C02<  Prick  has  shown  this  extrapolation 
to  be  in  error  with  a reault  that  the  attenuation  coeffi- 
cients are  too  low.  Since  the  frequency  of  maxiimm  absorp- 
tion lnoreaaes  at  a rapid  rate  with  an  increase  of  impurity* 
one  would  expeot  a wide  variation  in  f with  the  lowest 
value  being  closest  to  the  true  value.  The  value  of  f 

MAX 

measured  by  Leonard  varied  from  30  to  45  ko*  that  measured  by 
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Prioke  was  20  kc,  and  that  measured  by  Frlak  was  23  ko. 
Measurements  on  03  ^ . 

The  CS„  used  was  In  the  liquid  state  and  was  th®  pur- 

a. 

eat  obtainable*  From  the  BrAun  Corporation.  It  was  purified 
by  vacuum  distillation  and  then  dried  with  P20^.  During  the 
final  distillation  the  vapor  was  condensed  in  a 50  ml.  flask 
which  was  closed  by  a stopcock  and  connected  to  the  test  ap- 
paratus by  a taper  joint.  Beoauae  CS£  attacks  stopcock 
grease , rubber,  and  wax,  the  vapor  was  permitted  to  remain  in 
the  sound  tube  only  long  enough  for  measurements  to  be  made 
and  was  then  removed  from  the  system  with  a roughing  pump. 

Dow  Coming  Sllioone  Vacuum  areas®  was  used  in  plaoe  of  the 
normally  used  Aplezon  N vacuum  grease,  for  the  liquid 
reservoir  and  also  for  the  drying  flask  where  the  CSg  was 
held  for  a considerable  time.  Although  the  CS2  slowly  at- 
tacked the  allloone  grease  also,  it  was  found  the  absorption 
peak  was  not  af footed.  The  entire  system  up  to  the  CS2 
reservoir  was  evacuated  for  48  hours.  The  pressure  was  then 
checked  to  Insure  outgasalng  had  stopped  and  no  leaka  were 
present.  The  reservoir  stopoook  was  then  opened  and  the  CS2 
stopcock  was  evaporated  into  the  drying  flask  until  the 
pressure  in  the  flask  was  equal  to  the  vapor  pressure  of  CS2 
at  23°  C.  The  vapor  was  permitted  to  bo  in  contact  with  the 
Pg05  for  48  or  more  hours.  The  dried  gas  was  then  admitted 
to  the  sound  tube  and  the  measurements  of  attenuation  and 
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wavelength  ware  made. 

These  data  were  then  corrected  in  the  law  manner  an 
those  for  CO^.  The  constants  uaod  for  CS^  were: 


K « 17.4  x.  10“u  oal/cw-seo~deg 
' t » 99  x 10'°  poises 
Cv  - .121  cal/gm 
)'  - 1.28 

TT7i.m  1‘4-) 


After  applying  the  experimental  factor,  the  tube  effect  was 
found  to  be 

- .189  (f/p)1^2  db/om 

where  f - frequency  in  kc 

p m pressure  In  nt  of  Hg. 


The  classical  absorption  correction  was  determined  from 
equation  (2)  using  in  addition  to  the  constants  listed  above 

M - 76.0  gm 
C » 20,300  cm/sec 
T « 296°  A 


thus  giving  for  the  classical  correction 

o^c  - .OOO85  f2/p  db/om 

where  f « frequency  in  kc 

p r>  prosaure  in  mm  of  Hg. 
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After  all  measured  attenuation  coefficients  ware  corrected, 
they  were  converted  Into  the  intensity  attenuation  per  wave- 
length and  plotted  against  tho  logarithm  of  the  ratio  of  fro- 
quenoy  ovar  pressure . These  data  are  shown  in  Figure  7.  Again 
the  solid  curve  was  determined  by  using  Rourgin's  equation 
(6),  where  the  constants  used  were 

Cg  - 3.679  oal/mole 
Cuc  - 5.197  oal/mole 
R m I.986  cal/taole 
- 1.876  x 106  sec-1 

The  above  constants  were  determined  from  the  spectro- 
scopic data  aa  was  done  for  C0£.  Table  II  gives  a tabula- 
tion of  theoe  results  for  C?2.  When  the  calculated  values 
for  the  specific  heats  are  put  into  equation  (7)  the  theoret- 
ical value  of  the  maximum  attenuation  por  wavelength  la 


CL. 

max 


.333 


which  Is  In  good  agreement  with  tho  experimental  value  of 
S**faLX  " .382.  The  final  constant  required  for  equation  (6) 
la  whloh  la  determined  by  ualng  the  experimental  value 
of  f In  equation  (8) 
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TABLE  II 

SPECIFIC  HEAT  DETERMINATION  FOR  CS0 

fm 


Mode  of 
Vibration 
(V) 

Wave  No. 
(oh"1) 

& 

(deg) 

^vib^ 

oal/nole 

i/2 

396.7 

570.9 

2.940 

2V-a 

796.0 

1145.0 

3 j/g 

1190.1 

1712.6 

1586.8 

2283 

’'l 

656.5 

944.7 

.905 

2/l 

1313.0 

1889. 0 

^3 

1523.0 

2192 

.066 

3.911 

Q = ' * 

,1  e //  t Je  7 ' 

- ^J//p 

f V e //  r 

/.  3CS? 

--  &y/p  - ^ 

e r e // 

.=  /■  OY1  8- 

cB  - 3.679 

oal/mole  u, 

Cv  - 0.876 

cal/mole 

C«,  - 5.197  cal/nole 

) 
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With  the  value  of  ^ determined,  the  relaxation  time  may  bo 
calculated  using  equation  (r>) 
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In  recapitulation  the  results  for  CS£  are  as  follows i 


<< 

f 


max 

max 


.302 

403  kc 

1.37D  x 106  sec'"1 
.727  x IQ"6  sec 


The  theoretical  ourve  fits  the  experimental  data  best  if  one 
assumes  the  Bonloally  activated  vibrational  modes  are  the 
first  three  harmonica  of  the  deformation  mode  and  the  first 
two  harmonics  of  the  symmetrical  valence  mode.  It  then  fol- 
lows that 

Cg  ■ 3.679  cal/mole 
Ccx.  - 5.197  oa  1/mole 

The  reproducibility  of  the  results  for  CS2  was  good. 
The  results  of  four  separate  runs  were 


t-t 

max 

m 

.3B2 

at 

403 

kc 

^raax 

- 

.381 

at 

402 

kc 

max 

m 

.387 

at 

40o 

kc 

/lmax 

- 

.392 

Qt 

404 

kc 

The  only  other  measurements  made  on  CfS^  whioh  could 
be  found  In  the  literature  are  those  of  Frlcke.  His  values 

were  <L  « .40o  and  f « 379  kc . because  C30  vras  some- 

max  max  - d 

what  out  of  the  frequency  range  of  Prlcke's  equipment,  he 
was  able  only  to  measure  the  absorption  coefficient  for  the 
lower  1/3  of  the  curve.  This  resulted  In  some  uncertainty 
In  his  values  of  the  peak  height  and  peak  frequency. 

Measurements  on  Mixtures  of  GO,  and  C3,-, . 

■ >,  . ■ ■ ■ — 

The  gases  used  were  prepared  for  test  In  the  manner 
described  In  the  previous  two  sections.  The  concentration 
of  each  mixture  was  determined  by  filling  the  storage  flaak 
to  a certain  preasure  with  C02  and  then  CSg  wae  added  until 
the  final  pressure  was  auoh  aa  to  give  the  deeired  concentra- 
tion. The  two  gates  were  allowed  to  mix  by  diffusion.  The 
thoroughness  of  the  mixing  was  aheoked  by  periodically  taking 
samples  from  the  storage  flask  and  ohaoklng  the  reproducibil- 
ity of  the  measured  velocity.  It  was  found  approximately 
one  hour  was  required  for  adequate  mixing  of  the  two  gae-s  at 
room  temperature.  The  mixture  was  then  admitted  to  the  sound 
tube  and  the  attenuation  coefficient  and  the  wavelength  were 
measured  for  the  complete  range  of  frequency  over  pressure. 
The  tube  correction  was  determined  by  assuming  the  wall 
losses  for  each  gas  were  proportional  to  Its  concentration. 
Similarly,  the  classical  correction  was  determined  by  multi- 
plying the  correction  for  each  of  the  pure  gases  by  their 
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respective  concentrations  and  taking  the  sum  as  the  total 
correction.  We aaurnssents  ware  made  for  concentrations  of 
C02  in  C3g  varying  from  100JS  to  0%.  The  renulta  of  those 
measurements  are  shown  In  Figures  8 through  13.  The  dotted 
line  represents  the  beet  fit  of  Bourgin's  theoretloal  curve 
to  the  experimental  data,  and  the  solid  line  is  the  theo- 
retloal curve  determined  from  equation  (3).  The  calculation 
of  the  aolld  curve  and  a comparison  of  it  with  the  experi- 
mental results  will  be  dlaouaaod  In  a later  section.  As 
Figures  8 through  13  show,  there  is  a pronounced  shift  In 
peak  height  and  peak  frequency  as  the  concentration  of  CQg 
la  reduced.  The  shift  In  peak  height  with  concentration  of 
COg  la  shown  In  Figure  14,  and  the  shift  in  peak  frequency 
with  concentration  of  C02  la  shown  In  Pigure  15. 

Measurements  on  Ethylene  Oxide. 

In  order  to  make  this  dissertation  more  oomplete, 
measurements  on  another  mixture  of  absorptive  gases  was 
deemed  neoeaaary.  To  beat  study  the  effect  of  mixtures,  the 
relaxation  tlmea  of  the  two  gaaos  should  be  aa  different  as 
the  range  of  the  equipment  will  permit.  Since  the  relaxa- 
tion time  for  COg  la  such  as  to  cause  the  absorption  peak 
to  fall  at  the  low  end  of  the  frequency  over  pressure  range 
of  this  equipment.  It  would  be  advantageous  to  choose  another 
gas  whose  absorption  peak  would  ocour  near  the  high  end  of 
the  frequency  over  pressure  range.  Of  the  gases  considered 
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for  this  second  mixture,  ethylene  oxide  wen  cnosen  because 
the  molecule  la  more  complex  than  CSg,  thus  offering  a con- 
trast between  the  two  mixturoa,  and  also  since  a preliminary 
teat  on  the  gas  gave  evidence  the  abaorptlon  peak  would  oc- 
cur near  the  high  end  of  the  frequency  over  pressure  range. 

The  ethylene  oxide  uaed  was  of  the  highest  purity  avail- 
able from  the  batman  Kodak  Chemical  Company.  A more  elab- 
orate drying  procedure  than  that  used  for  COg  and  CSg  was  ne- 
cessary as  the  ethylene  oxide  reacted  with  all  the  suffi- 
ciently effective  drying  igents  tried.  Consequently,  the 
liquid  ethylene  oxide  was  further  purified  by  vacuum  distil- 
lation. A gloss  manifold  was  used  to  which  three  'yO  mi 
flasks  and  a specially  designed  braao  pressure  cylinder  wore 
connected  in  parallel.  Hi©  manifold  was  also  connected  to  a 
vacuum  pump  and  a mercury  manometer.  The  first  flaak  was 
f Iliad  under  vacuum  with  liquid  ethylene  oxide.  The  remainder 
of  the  system  was  evacuated.  Flask  Ho.  1,  with  the  ethylene 
oxide,  waa  cooled  to  -78°C  and  pumped  on  for  2 minutes.  The 
pump  waa  closed  off  and  flask  No.  2 waa  cooled  to  -78°  C and 
flaak  No.  1 placed  at  -40°  C.  The  ethylene  oxide  waa  allowed 
to  distill  over  until  approximately  1/8  of  the  original  vol- 
ume remained,  then  the  stopcock  of  flaak  No.  1 was  closed. 

Flaak  No.  2 waa  pumped  on  for  2 minuteB.  Flask  No.  3 was 
cooled  to  -78°  C ernd  flaak  No.  2 was  placed  at  -40°  C.  The 
ethylene  oxide  waa  again  allowed  to  distill  until  1/3  the 
volume  remained  in  flask  No.  2.  Then  flaak  No.  2 was  cloned 
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off  and  the  pump  waa  put  on  flask.  No.  3 for  minutes.  Tho 
brass  presoure  cylinder  was  next  cooled  t.o  -76°  C and  flask 
No.  3 was  placed  at  -40°  C.  The  ethylene  oxide  was  again 
allowed  to  distill  ovez*  until  1,41  of  the  volume  remained  in 
flask  No.  3.  The  pressure  cylinder  was  closed  ofl-  and  trans- 
ferred from  the  manifold  to  the  acoustic  apparatus. 

The  purlfl&d  ethylene  oxide  was  then  admitted  to  the 
sound  tube  and  the  attenuation  coefficient  and  wavelength 
were  measured.  Thene  results  were  then  corrected  for  the 
tube  effect  and  for  the  classical  absorption.  The  determina- 
tion of  the  oonatanta  required  for  these  corrections  offered 
some  difficulty.  However,  after  an  extensive  literature  sur- 
vey a value  for  the  heat  conductivity  of  25.4b  x 10~^  cal/cm- 
sec-deg  was  found  in  Chemical  Abstracts  3946  for  1934.  The 
specific  heat  at  oonatant  pressure  of  .2bl  cai/gm  was  found 
In  the  Journal  of  Chemical  Physics  8,620,  1950.  No  value 
for  the  viscosity  of  ethylene  oxide  vapor  could  be  found. 
However,  since  the  viscosity  of  a gas  is  dependent  on  its 
molecular  structure  and  size,  the  viscosity  was  estimated 
by  bracketing  It  between  two  gases  of  similar  structure  and 
size.  The  two  gases  used  were  cyclo-propane  (C^H^)  with  a 
viscosity  of  83.5  x 10"b  poise  and  ethylene  (C^H^)  with  a 
viscosity  of  97.0  x 10_D  poise.  Since  ethylene  oxide  1b  more 
similar  to  the  former,  a viscosity  of  88.0  x 10"°  poise  wan 
decided  upon.  The  ratio  of  the  specific  heats  waB  calculated 
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from  the  maas^irod  sound  velocity  giving  i(  « 1.23. 
these  constants  to  equation  ( i r> ) and  equation 
recti on  equations  for  ethylene  oxide  at  23°  C are 

- .174  (f/p)1/1'  db/cro 
-Xp  “ fj.b2  x 10“^  ffi/p  db/cm 

when  f - frequency  in  kc 

p « pressure  In  mm  of  Hg . 

All  the  measured  attenuation  coefficients  were  corrected 
and  convertod  to  the  intensity  attenuation  per  wavelength. 

The  results  for  CoH^0  are  shown  In  Figure  lb.  The  solid 
curve  was  determined  by  using  Bo ur gin's  equation  (b),  where 
the  constants  used  were 

CR  - 3.107  cal/mole 
»>  b.32!3  cal/mole 
R ■ 1.90b  oal/mole 
- 2.90  x 10b  seo"1 

The  above  constants  wore  determined  from  spectroscopic 
data  in  the  same  manner  us  was  done  for  COg.  The  ethylene 
oxide  molecule  la  made  up  of  aoven  atoms  and  thus  has  21 
degrees  of  freedom.  Since  It  is  not  a linear  molecule,  there 

1 

are  3 degrees  of  freedom  for  both  rotation  and  translation.  j 

The  remaining  1&  degree  a of  freodom  ure  for  vibration.  Her/.-  ! 

04  ; 

berg  concludes  that  in  the  ethylene  oxide  molecule,  the  j 

three  heavier  atoms  form  an  isosceles  triangle  and  the  two  j 

1 

1 
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the  cor- 
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C1L-,  groups  form  planes  at  right  angle  to  the  G'  0 plane.  The 

c if 

modes  of  vibration  fox*  ethylene  oxide  are  an  follows: 


Mode 

C-H  stretching 


CH,,  deformation 
£ 


Vx  and  Vy 


V 


u 


13 


Wave  Humber  (cm-1) 
3007 
3061 

I48y 

I4b9 


C0 0 deformation 
£ 


CH  group  perpendicular 
and  symmetrical  to  Vj. 
C2O  plane  but  bending  „ 
with  reapect  to  yz  V11 

plane 

V 

CH  groups  moving  In  7t 

their  plane 


1267 

863 

806 

1120 

1153 

1379 

1 1 K-3 


CH  groups  twisting  Vu 
with  respeot  to  their  v 
axis  of  symmetry  V15 


1023 

704 


Table  III  gives  the  results  of  the  specific  heat  calculated 
for  ethylene  oxide.  When  the  calculated  values  for  the  spe- 
cific heats  are  put  into  equation  (7)  the  theoretical  value 
of  the  maximum  absorption  per  wavelength  is 

‘'W  - •»» 

The  calculated  value  oI\  VXmax  C0B1Parea  with  the  experi- 

mental value  of  Figure  16.  To  determine  the  final  constant 


I 


J 


/ 


TABLE  III 


u? 


SPECIFIC  HLvAT  DETERMINATION  FOB  C 11,^0 


Mode  of 

Vibrqtion 

Ki 

Wave  No . 
(cm'1) 

O 

(deg) 

(CvitAl 

cal/mole 

« 

V 

15 

704 

1013 

.8114 

.7118 

8O0 

1100 

.6303 

.5789 

U12 

063 

1242 

.542o 

,9108 

l/8 

1023 

1472 

.3448 

.3350 

lfk 

1120 

1012 

.2563 

.25lo 

l/lle  ^J.4 

1153 

1059 

.4626 

.4524 

l/3 

126? 

1823 

.loOO 

.1571 

l/? 

1379 

1964 

.1098 

.1092 

" 10 

I4t,9 

21.14 

.0803 

‘■7 

1487 

2140 

.0753 

>v  *i3 

3000 

4327 

.0002 

^l*  {/9 

301)1 

4405 

.0002 

3.474 

3.107 

* The  contribution  to  the 

vibrational 

specific  heat 

due  only 

to  the  fundamental  of  the  particular  mode  of  vibration. 
Thin  value  waa  determined  by  using  the  partition  function 
in  aeries  form  In  conjunction  with  equation  (12). 

- 3.107  cal/mole 
Cy  - 9.4J2  cal/mole 
» 6.325  cal/mole 


68 


required  for  equation  (6)  one  muut.  use  the  experimental 
value  of  the  frequency  of  maximum  absorption  in  equation  (8) 


i(  > r t T SjL-r)]/* 

6 tfO  C . (X>  f" 


(.  -/ 
J.  tO  A it>  •'  *<• 


The  relaxation  time  can  now  be  determined  from  equation  (4) 


*-8 


/ r 


. JSC  * **  j 


In  recapitulation,  the  results  for  CgH^O  are  as 


follows : 


JA 

y MX 


max. 


.259 
660  kc 

2,90  x 166  sec”1 
.356  x 10'6  sec 


The  theoretical  curve  fits  the  experimental  data  best 
if  one  assumes  the  sonloally  activated  modes  are  the  funda- 
mental of  Vy  V^,  \Jy  Vry  if y l/u,  S1?y  and 

^15'  It  then  follows  that 

Cg  » 3.107  cal/mole 

Cqc  6.3 26  oal/mole 

The  reproducibility  of  data  for  C^H^O  wa*  S°°d.  The 
results  of  three  Individual  runs  were 


l>9 


,<<■  - .25^  at  bHo  kc 

max 

/.*  re>  ,2oO  nt,  o^O  kc 
'“max  " •3?0°  at:  u0G  — 

The  literature  does  not  reveal  any  acoustic  maasure- 

or, 

inenta  made  on  ethylene  oxide;  however,  W.  Griffith  J mea- 
sured the  vibrational  relaxation  time  of  a number  of  gases 
by  using  a steady  flow  of  ga.3  through  a Jet.  He  measured  the 
relaxation  time  for  ethylene  oxide  at  1.23  x 10-<i  sec.  Con- 
sidering the  accuracy  of  his  method  and  also  the  use  of  the 
lowest  characteristic  temperature  only  in  equation  (U),  the 
agreement  is  fairly  good. 

Measurements  on  Mixtures  of  COg  and  Cg^O. 

The  individual  gases  were  prepared  for  test  as  de- 
scribed previously.  The  concentration  of  each  mixture  and 
the  corrections  were  determined  in  a similar  manner  to  that 
used  for  the  C0o  - CS«  mixture.  The  results  of  meaourements 
made  on  mixtures  of  C0£  and  CgH^O  are  shown  in  Figures  17 
through  21.  The  solid  curve  was  determined  from  Bourgln's 
equation  (3).  As  in  the  case  of  the  other  mixture,  the 
peak  frequency  increases  aa  the  concentration  of  COg  is  re- 
duced. The  peak  height  is  practically  constant  as  the  con- 
centration la  varied  because  the  absorption  of  each  of  the 
pure  gases  is  almost  Identical.  Figure  22  shows  the  depend- 
ence of  the  peak  frequency  on  the  concentration  of  COg,  A 
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Frequency /Pressure  (Kc/Atm) 
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txpenme'ita!  date 
Theoretical  curve 


Frequency/ Pressure  (Kc./Atm.) 


^Concentration  of 


comparison  of 
Figure  'd2  for 
ter  mixture  a 
while  for  the 


Figure  10  for  the  CO^,  - C:»,j  mixturea  with 
the  CO..  - 0 mixturea  rovealii  for  the  lat- 

Cl  4.  4 

linear  dependence  of  f on  concentration, 
former  mixture  the  dopendonca  in  far  from 


linear . 


VII.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  RESULTS 


Figures  6,  7,  and  10  show  the  good  agreement  between 
theory  and  experiment  for  the  pure  gases.  To  make  a similar 
ootnpariaon  for  mixtures  of  two  absorptive  gases,  equation 
(3)  must  be  employed.  A knowledge  of  ^ ^ and  JEg  are  re- 
quired in  order  to  use  equation  (3).  Aa  mentioned  previous- 
ly, Z A and  are  approximately  equal  to  the  reciprocal 
of  the  relaxation  times  of  gas  A and  gas  B respectively. 

Prom  a kinetic  theory  point  of  view,  can  be  thought  of 
as  the  transition  rate  between  the  excited  and  the  normal 
state  of  the  molecules.  For  a mixture  of  gas  A and  gaa  3, 
the  number  of  transitions  per  second  per  unit  volume  for 
gas  A la  given  by 

^A  " A ril  + B ri2  (19) 

where  A « number  of  molecule  unit  volume  of  gas  A 

B = number  of  molecules  per  unit  volume  of  gaa  B 

A I ii  m number  of  transitions  per  second  per  unit  volume 
of  the  A type  molecules  caused  by  A-A  collisions 

13  T 1 2 m number  of  transitions  per  second  per  unit  volume 
of  the  A type  moleoules  caused  by  A-B  collisions 

Correspondingly,  the  expression  for  the  transition  rftt«?  per 
unit  volume  for  gas  B is 


\ 




B 
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whore  B fZ,;  « number  of  transition  per  second  per  unit 

*'*'  volume  of  the  B type  molecules  oaused  by  B-B 
collision* 

AC  - number  of  transition#  per  oocond  per  unit 

volume  of  the  B type  molecules  caused  by  B~A 
collisions 

Consequently,  to  compute  and  for  various  mixtures  of 
gas  A and  gas  B,  one  must  know  the  value  of  A , B 
B f ~?t  and  A • For  a pur®  gaa,  the  contribution  to  the 
transition  rate  due  to  oollialons  of  different  type  molecules 
is  zero.  Therefore,  A and  B /C,,2  may  be  determined  from 

the  experimental  ourves  for  the  pure  gases.  For  a mixture 
In  which  gaa  A la  only  slightly  diluted  by  gas  B,  one  may 
consider  gas  B as  an  Impurity.  In  auoh  a mixture  la 

the  basic  transition  rate  and  B /"^2  1®  the  amount  contributed 
to  It  by  collisions  of  A type  molecules  with  B type. 

G°e  - C3C  Mixture. 

As  can  be  seen  from  Figure  15,  l'MX  haa  approximately 
a linear  dependence  ort  concentration  near  lOOjt  and  0£  C02, 
Consequently,  B f^2  may  be  evaluated  from  the  experimental 
curve  of  91.b<Jd  C02  in  CSg.  The  resulto  of  applying  the  ex- 
perimental data  to  equation  (8)  and  (19)  show  B » 2.74 

x 10b.  Correspondingly,  the  experimental  data  from  the 
10.7jt  C02  curve  and  equation  (8)  and  (20)  yield  A f~2\  " l*3b 
r.  10°,  These  values  were  then  adjusted  to  allow  the  maximum 
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of  the  thoorefcloa.l  curve  for  tho  49.0#  COg  mixture  to  occur 
at  the  measured  frequancy.  The  adjusted  values  of  the 
transition  rates  are 

ZA  - [.1571*  + £.70  (i-x)]  X AO6 

« [ 1 . 576 ( 1— x ) + 1.20x1  x 106 

whers  x » A/Vi  concentration  by  volume  of  CGg 

(1-x)  m B/Vl  concentration  by  volume  of  C8g 

Admittedly  the  above  procedure  is  rather  crude;  however*  It 
is  tho  only  simple  method  available  for  determining  the  re- 
quired constants. 

Using  the  sbove  expressions  for  and  In  equa- 
tion (3)#  the  attenuation  per  wavelength^^  , was  calculated 
for  various  ratios  of  frequency  over  pressure  for  the  various 
concentrations  of  COg  In  CSg.  The  results  of  these  calcula- 
tions are  shown  as  the  solid  ourve  In  Plgurea  8 through  13. 
For  each  mixture  the  general  shape  of  the  experimental 
ourve  compares  well  with  the  theoretical.  The  measured  ab- 
sorption maxima  Is  slightly  higher  than  the  calculated  values 


as  follows: 

i*co2 

Measured 

Calculated 

K 

^ max 

^ max 

difference 

91.7 

.261 

.2*7 

5.* 

72.6 

.297 

.291 

2.0 

60.3 

.318 

.310 

2.3 

*9.8 

.3*3 

.320 

*.4 

29.2 

.373 

.335 

4.8 

10.7 

.383 

.371 

3.6 
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The  difference  between  the  absorption  measured  experi- 
mentally and  that  calculated  from  Bourgin'a  general  expres- 
slon  (3)  la  slightly  greater  than  the  experimental  error 
which  la  estimated  to  be  loaa  than  20. 

CO  - C^HijQ  Mixture  . 

In  general  the  experimental  data  for  thla  mixture 
were  more  reproducible  and  gave  smoother  curve*  than  for  the 
COg  - CSg  mixture.  A possible  explanetlon  ie  the  COg  -CgH^O 
mixture  le  lee*  *on*ltlv*  to  slight  variation*  in  impurity 
content . 

The  transition  rate*  for  thla  mixture  were  determined 
In  a similar  manner  to  that  uaed  for  the  C0fl  - CS2  mixture. 
The  experimental  data  from  the  89.#  and  10.80  C02  curves 
were  substituted  into  equation*  (8),  (19)  and  (20)  and 
yielded  B ri2  - 3.178  x 10°  and  A - .315  * 106.  These 
values  were  then  adjusted  to  allow  the  maximum  of  the  the- 
oretical curve  for  the  49.80  C02  mixture  to  ooour  at  the 
measured  frequency.  The  adjusted  value*  of  the  transition 
rates  are 

- (.1571*  + 2.80  (l-x)J  x 1G6 
£b  - [2.90  (1-x)  + .3!5x)  x 106 

Using  the  above  values  for  and  in  equation  (3)# 
the  attenuation  per  wavelength^/***  , was  calculated  for  vari- 
ous ratios  of  frequency  over  pressure  for  the  various 
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concentration*  of  C02  in  CglfyO.  The  results  of  these  calcu- 
lation* are  shown  a*  the  solid  curve  in  Figures  IT  through 
21.  The  agreement  between  theory  and  experiment  la  much 
better  for  this  mixture  than  for  the  COg  - CSg  mixture.  The 
difference  between  the  calculated  and  the  observed  attenua- 
tion are  well  within  the  experimental  error. 


VIII.  CONCLUSIONS 


Equipment . 

Prom  the  performance  of  the  equipment  and  the  datt 
obtained  from  It,  the  following  conclusions  are  presented. 
1)  The  tube  method  may  be  included  In  those  methods 
which  are  capable  of  measuring  the  molecular  ab- 
sorption of  sound  in  gases. 


2)  The  apparatus  developed  has  the  advantage  of: 

a)  Accurate  control  of  pressure  whioh  shifts  the 
absorption  peak  to  any  desired  frequency  rage . 

b)  Requiring  a relatively  small  quantity  of  test 
gas,  thus  reducing  the  gas  purification  problem. 

c)  Producing  a sufficiently  Intense  sound  field, 
thus  oppable  of  measuring  the  attenuation  in 
highly  absorptive  gases. 


Experimental  Results. 

The  measurements  made  of  the  mol/* 
sound  in  gases  and  in  gas  mlxtu 
elusions: 

1)  The 


ular  absorption  cf 
offer  the  following  coo- 


erved  attenuations  for  pure  CC2,  CS2,  ant 
CgHjjO  agree  extremely  well  with  the  attenuation* 
predicted  by  Bourgin’a  theory  for  a single  ga». 

2)  The  observed  attenuation  for  mixtures  of  CQ2  and  CS2 


Best  Available  Copy 


Hj 

mgren  within  y to  ')%  with  the  attenuations  pre- 
dicted by  Dourgln'a  theory  l'or  mixtures  of  ab- 
sorptive gaaea . 

.0  For  the  CG,.,  - C-,HhO  Mixture,  the  observed  attonua- 
tlons  agree  within  the  cxpsrisontal  3v:;;' 
than  2 'Jt)  with  the  Bourgln  theory. 

Measurements  of  thie  type  yield  In  addition  to  tho 
attenuation  ooefflplent  information  oonoeming  the  oolllalon 
paramatera  of  a gaa  or  gaa  mixture.  Kor  example,  the  number 
of  oo.Ulalona  required  to  nmove  a quantum  of  vibrational 
energy  from  a molecule  and  the  probability  of  a transition 
oeeurring  due  to  n a ingle  collision  can  be  ooloulated  from 
the  experimentally  determined  transition  rates,  . and  . 
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